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SUMMARY 
A shaped charge, boosted to an altitude of 48 kilometers by a single-stage rocket, 
was used to  accelerate 1.5 grams of minute cast-iron particles to  a velocity in excess of 
10 kilometers per second. The radiation from this artificial meteor was measured with 
ballistic cameras and modified aer ia l  cameras using panchromatic film. A light curve 
w a s  established, and a spectrum of the event was analyzed. 
The first half of the short meteor t ra i l  was masked by the explosion of the shaped 
charge, and, thus, the radiation from the iron dust ball was only measured for that por­
tion of the trail, about 100 meters long, outside the fireball of the explosion. The maxi­
mum measured light intensity of the meteor was -0.4 of an absolute meteor magnitude 
as determined by use of intensity of background stars for calibration. A lower limit of 
0.95 X was obtained for the luminous efficiency factor for panchromatic film. Cal­
culations indicate that if  the low-density iron meteor had been produced at an altitude of 
70 kilometers, the intensity would be 3 magnitudes less than at 48 kilometers but still 
bright enough to be recorded by optical systems similar to those used for natural meteor 
detection. 
A spectrum of the meteor was measured with a K-24 aerial camera equipped with 
an objective diffraction grating. Some 200 lines and 35 multiplets of iron were identified 
in a wavelength reduction of the spectrum. A trace of the cast-iron liner impurity 
(manganese) was observed in the spectrum. The aluminum case around the shaped charge 
did not contaminate the meteor trail, and the sodium D lines generally seen in natural 
meteor spectra were not identified. 
i 
INTRODUCTION 
, 
A basic constraint in the theory of meteors is the inability to  measure the physical 
charaqteristics of a meteoroid prior to its capture by the earth's atmosphere. The mass, 
composition, and the density of the meteoroid are all unknown. The classical theory, 
together with the measured observables of natural meteors, can at best only postulate 
these parameters within relatively broad limits. (See refs. 1 and 2.) The limits a r e  too 
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large for engineering applications, especially in  the design of meteoroid shields for  
spacecraft. However, if the mass, composition, and density of a meteoroid a r e  known 
prior  to its entry into the earth 's  atmosphere, it is then feasible to determine two unre­
solved and basic coefficients employed in the physical theory of meteors; namely, the 
luminous efficiency and the ionization efficiency. The luminous efficiency is the ratio of 
the light energy radiated from the meteor to the kinetic energy of the meteoroid. Simi­
larly, the ionization efficiency is the ratio of the ionization energy to  the kinetic energy 
of the meteoroid. A more complete discussion of the subject may be found in 
reference 2. 
A Meteor Simulation Project has been established by NASA with the objective of 
determining the luminous and ionization efficiencies of some of the more predominant 
materials known to exist in natural meteors. Artificial meteoroids, of known mass, 
composition, and density, a r e  reentered into the earth 's  atmosphere at low meteoric 
speeds by means of simple rocket vehicles and shaped-charge accelerators. Optical and 
radar measurements a r e  made, with equipment similar to that used in natural meteor 
detection, to provide a calibration of the accumulated data on natural meteors. The 
feasibility of producing an artificial meteor in a controlled experiment has been demon­
strated in other flight projects. (See refs. 3, 4, and 5.) 
The research presented in this paper was conducted as an early part  of the Meteor 
Simulation Project for the following purposes: 
(1)to evaluate the performance of a particular shaped-charge accelerator, or gun, 
under flight conditions 
(2) to appraise the optical instrumentation planned for use in future artificial 
meteor tes ts  
(3) to obtain the spectra of a low-density, iron, artificial meteor 
(4) to obtain a preliminary value of the luminous efficiency of a low-density iron 
artificial meteor 
The vehicle used in this test  was one of four Arcas-Margo vehicles donated to the NASA 
by the Office of Naval Research. The Physical Science Laboratory of New Mexico State 
University developed the Margo payload, and the Ballistic Research Laboratories at 
Aberdeen Proving Ground developed the shaped-charge accelerator. The test  was per­
formed at Wallops Island, Va., on September 26, 1963. 
Whipple in reference 6 and Opik in reference 1 contend that most meteors a r e  com­
posed of a large number of minute particles; these meteoroids a r e  often classified as 
dust balls. The first known artificial meteor was produced in 1957 at White Sands, New 
Mexico, by use of an Aerobee rocket and shaped charges that produced aluminum dust 
balls. From this test, McCrosky (ref. 5) derived a lower limit for  the luminous 
II 
l efficiency of natural meteoric material  by assuming equal efficiencies, per  atom, of iron 
and aluminum. Natural meteoroids contain from 15 percent to  more than 90 percent 
iron, and a test  of an iron dust ball would therefore provide a more direct calibration of 
natural meteors. However, it was first necessary to determine whether an iron dust ball 
could be produced at natural meteor altitudes; secondly, it was imperative to know whether 
this particular artificial meteor would be bright enough to be detected by spectral and 
streak cameras. (See table I.) This 

information was necessary in order  TABLE I.- LIMITS OF CAMERA DETECTIWKY 

Meteor camera Ballistic
payloads to  be employed in the more I Super Schmidt 210-mm camera aerial camera 
Undispersed +5 +2advanced vehicles of the Meteor I Spectrally dispersed +1 _ _ _  
compromises had to be made. The 

thrust impulse of the Arcas vehicle restricted its peak altitude to about 50 kilometers, 

whereas natural meteors become visible between altitudes of 70 and 100 kilometers. At 

50 kilometers the blast of the gun masks about half of the meteor trails. The length of 

the trail is about 1/50 of that for a natural meteor. Because of the short duration of this 

artificial meteor, its velocity had to be determined from preflight ballistic tes t s  rather 

than from measurements in flight. Thus, the calculated value of the luminous efficiency 

is conditioned on these restrictions, but since these a r e  the first data on a low-density, 

iron artificial meteor, a lower limit of the luminous efficiency has been presented. 

FLIGHT VEHICLE AND SHAPED-CHARGE ACCELERATOR 
The flight vehicle is a single- stage, end-burning, solid-propellant Arcas booster 
having a nominal thrusting time of 28 seconds and a Margo payload. The geometry and 
pertinent dimensions of this vehicle a r e  shown-in figure 1. The Arcas used weighed 
30 kilograms before launch and carr ied a total payload weight of 5.5 kilograms. 
The Margo (figs. 2 and 3) includes the nose cone, shaped-charge accelerator, bat­
teries, timer, and parachute. A photograph and a sketch of the shaped-charge accelera­
tor  a r e  shown as figure 4. The shaped-charge accelerator was encased in a thick-wall 
aluminum cylinder 9.9 centimeters in diameter and 20.2 centimeters long. About 
1.8 kilograms of explosive, composed of 50 percent pentolite and 50 percent TNT, was 
cast  in the aluminum cylinder around a 20° conical liner of meehanite cast  iron. A 
shock-type detonator; f ired by a preset  t imer using a battery-powered electrical circuit, 
caused the charge to explode. The pressure from this explosion collapsed the cast-iron 
liner and accelerated a small  par t  of the liner to a velocity in excess of 10 kilometers 
per  second. Most of the liner material trailed the high-speed cloud of iron particles at a 
velocity of less than 2 kilometers per  second. 
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The velocity and mass of the dust ball of similar accelerators were measured from 
accurately timed flash X-ray photographs taken in an atmospheric ground range at the 
Ballistic Research Laboratories, Aberdeen Proving Ground. Figure 5 is a ser ies  of 
three of these flash X-ray photographs. The expelled cast iron at 103 and 156 micro­
seconds after detonation of the shaped-charge accelerator is shown in figures 5(a) and 
5(b), respectively. The photograph taken at 184 microseconds after detonation shows 
decelerating particles trailing after the main body of cast-iron particles (fig. 5(c)). The 
- 1 --/
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mass  and velocity of the main body of par­
ticles determined by the Ballistic Research 
Laboratories were 1.5 f 0.5 grams and 
10.4 f 0.4 kilometers per second, respec­
tively. The density of the main body of par­
ticles, calculated from the mass and scaled 
cross  section of the X-ray photographs in 
figures 5(a) and 5(b), were approximately 
0.08 and 0.04 gram per cubic centimeter, 
respectively. McKinley (ref. 2) estimates 
that the effective density of a natural 
Cast-iron liner 

82.0 cm 

-
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1. 

30.0 cm 
238 cm I 
134 cm
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 Arcas Charge 
Igniter 
Battery and timer compartment 
+Parachute compartment 
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Figure 1.-Arcas-Margo vehic le .  Figure 2.- Margo sec t ion .  
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dust-ball meteoroid may be of the order of 0.05 to 0.5 gram per cubic centimeter. Since 
the density of the cast-iron liner was  7.8 grams per cubic centimeter, it is apparent that 
the high-velocity body of iron accelerated from the shaped-charge accelerator was truly 
a dust ball rather than a solid slug or a jet. 
Figure 3.- Margo components. L-65-4829.1 
L-64-4705 
Figure 4.- Shaped-charge accelerator. 

( c )  181, niicrossc.,m3s. 
L-64-4706 
Figure 5.- Flash X-rays of particles from a shaped-charge accelerator lined with cast iron from 
Ballistic Research Laboratories ground tests. 
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FLIGHT TEST 
The Arcas-Margo was launched at an azimuth of 1540 and an elevation of 83O on a 
clear, moonless night. The vehicle obtained an altitude of 50 kilometers at which height 
the nose cone was ejected by a pressurized bag, and the shaped-charge accelerator with 
a 1-meter parachute was released from the payload package. The parachute was 
employed to orient the shaped-charge accelerator in a downward direction. The shaped-
charge accelerator was detonated at 48 kilometers; figure 6 shows the measured radar  
trajectory up to detonation of the shaped charge. 
The shaped-charge accelerator successfully produced an artificial meteor that was 
photographed with fixed ballistic cameras and modified aerial  cameras, some equipped 
with objective diffraction gratings. The photographs were taken from two ground-based 
camera stations located at Wallops Island, Va., and at Sandbridge, Va. The negatives 
Reentr

I
I 
0 5 10 15 20 25  30 40 
Ground Range, Kilometera 
Figure 6.- Trajectory profi le  (from radar data). 
from a ballistic camera (designated 
BC-4) (210-mm focal length and 
f/4.2), and from a modified aerial  
camera (610-mm focal length and 
f/3.5) were used to obtain photometric 
intensity data of the artificial meteor. 
Some ballistic cameras were equipped 
with an occulting shutter (fig. 7) to 
measure velocity of reentry trails. 
This shutter opens and closes 10 t imes 
pe r  second. A spectrum was obtained 
from a modified K-24 aerial  camera 
(178-mm focal length and f/2.5) 
equipped with a 400-line-per­
millimeter objective diffraction grating. 
DATA REDUCTION 
Determination of the luminous 
intensity of the artificial meteor was 
accomplished through the calibration 
provided by the background stars that 
were photographed on the same nega­
tive as the reentry trail. The photo­
graphic densities of the star images 
and the reentry image were measured 
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with a microdensitometer. Some 25 to 30 
stars of known magnitude were identified to  
provide a calibration between the photo­
graphic density and the light intensity. The 
star images chosen were about the same 
angular distance from the optical axis of the 
camera as the reentry streak and were near 
the reentry image to  minimize the intensity 
corrections used in the calibration. The 
visual stellar magnitudes of these calibra­
tion stars, as published in reference 7, were 
then normalized to  the optical path of the 
reentry radiation by correcting each star 
for the difference in the off-axis light losses 
through the camera and the difference in the 
atmospheric absorption. The differences 
between the trailing velocities of all of the 
star images were not great enough to be 
included in the calibration. In general, the 
total correction to the star intensity was 
about +0.6 magnitude but never exceeded 
*1.5 magnitudes for any individual star. 
L-61-8237 

Figure 7.- The 210-mm focal length
f14.2 cameras. 
The apparent stellar intensity of the artificial meteor was determined from the 
measured density of the photographic image and the star calibration data. However, 
since the image of the meteor moves across  the photographic emulsion much faster than 
the image of a calibration star, a large correction to the apparent intensity of the meteor 
was made to account for this difference. The actual intensity of the meteor w a s  
-6.73 magnitudes brighter than its apparent stellar photographic intensity. A reciprocity 
failure correction of 1.15 magnitudes, obtained by the method of reference 8, w a s  applied. 
Generally the irradiance of a meteor is expressed in  t e rms  of an absolute meteor magni­
tude by normalizing its stellar magnitude to 100 kilometers. The slant range from the 
camera to the reentry, as obtained from a two-station optical reduction similar to the 
method used by Whipple and Jacchia in reference 9, was 60 kilometers. A normalizing 
factor of *1.18 magnitudes was used to express the intensity in absolute meteor 
magnitudes. 
The identification of the prominent iron lines was made by comparing densitometer 
tracings of the spectrum with the iron spectra of reference 10. The identified lines were 
then checked with the wavelength and intensity values given in reference 11. 
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RESULTS AND DISCUSSION 
The observable par t  of the trail of the artificial meteor was very short, as can be 
seen from figure 8, which is an enlargement of the reentry photograph from the ballistic 
camera. The meteor trail, the light from the detonation, and neighboring star trails a r e  
present in the photograph. The shape of the image from the detonation light is a result 
of the camera aberrations. 
Figure 8. - Enlargement of bal l is t ic-camera photograph of a r t i f i c i a l  meteor. L-64-4707 
The photographic meteoroid trail was very short for  several reasons. Approxi­
mately one-half of the trail was masked by the flash of light from the detonation of the 
shaped-charge accelerator. Also, the shaped-charge accelerator was well within the 
atmosphere when it was ignited at an altitude of 48 kilometers. The relatively dense 
atmosphere caused a much shorter trail than would be expected of a natural meteor of 
the same speed that becomes visible at an altitude of 70 kilometers. However, the inten­
sity of the radiation is much greater at an altitude of 48 kilometers than it would be at 
70 kilometers. From reference 2 the relation between radiation intensity and altitude, or  
atmospheric density, can be seen by combining the differential mass  equation 
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with the luminous efficiency equation 
to obtain the luminosity equation 
I = 7 -(-)2’3pav5AA m 
41 Pm 
where 
I instantaneous radiation intensity (panchromatic film) 
7 luminous efficiency (panchromatic film) 
A heat-transfer coefficient 

c heat of ablation 

A(-jL!3 effective cross-sectional 

m mass  of body 

Pm density of body 

Pa atmospheric density 

V velocity 

t time 

a r e a  of body 
The altitude dependence is seen to result from the atmospheric density factor Pa. The 
expression relating magnitude to intensity is 
where M1- M 2  is the magnitude difference between the two intensities I1 and 12. 
By use  of equations (3) and (4) and values of atmospheric density from reference 12, the 
maximum intensity of a meteor at a 70-kilometer altitude is calculated to  be 3 magnitudes 
less than that of a meteor at a 48-kilometer altitude if other parameters a r e  held constant. 
9 
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An artificial low-density iron meteor at 70 kilometers would be approximately zero 
absolute meteor magnitudes in brightness and the undispersed optical instrumentation 
used in this experiment (table I) would be capable of recording the meteor. Modified 
aerial cameras with objective diffraction gratings would not be capable of obtaining a 
spectrogram of the meteor. 
The trail was so short that no velocity determination could be obtained from the 
negative of the occulting-shutter camera. Since there could not be an optical velocity 
determination, the value of 10.4 kilometers per second from the flash X-rays of a range 
test at 1atmosphere of a similar accelerator had to be used. The initial velocity of the 
expelled particles of the liner a r e  not strongly dependent upon ambient air pressure for 
this shaped-charge accelerator. The resolved trail from the flight test  w a s  100 meters 
long and its duration, calculated from the velocity, was  0.01 second. The light curve, or 
plot of the variation of light intensity of the artificial meteor with the distance along the 
trail for panchromatic film is presented in figure 9. The light intensity is extrapolated 
I I I.- -nn I1 OData f r o m  210"m fobal l e d h  c k e r  
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200 300 400 600 700 800 900 
Distance along 210 mm focal length film plate, microns 
.- ­6 50 - 100 r5.50- 200 25-0 
Distance i n  space, meters 
Figure 9.- Light curve of a r t i f i c i a l  meteor for panchromatic f i lm.  
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back to the origin of the explosion and is plotted in absolute meteor magnitudes as a func­
tion of distance along the trail in space and as a function of distance on the film. The 
detected maximum of the radiation trail was  -0.4 of an absolute meteor magnitude. 
The shape of the light curve is substantiated by the experimental and theoretical 
results presented in reference 5, and by the results of relative photometry performed 
upon the spatially resolved lines of 4272,4308,4326, 4384,4405, and 4415 angstroms of 
the spectrogram of the event. Both the experimental light curve for an artificial alumi­
num dust-ball meteor and a theoretically predicted light curve based upon a constant 
particle size a re  nearly straight-line monotonically decreasing functions of distance. 
Light curves for spatially resolved prominent iron lines of the meteor spectrum are pre­
sented in figure 10. The ordinate of the relative light curves was determined by taking 
I
! !  
Wavelength, x 
- 4272 
\ 	 0 
\ 6 
\ 
\ 4 5' I I 
\ 
\ 
'\ 
itegrt 33 1 I t  c re-
\ 
I 
\ 
-
-50 0 100 150 200 350 400 
Distance i n  space, meters 
I 1 
L . -. 660 ~ 700 800-160 
Distance along 210 mm foca l  length film plate, microns 
Figure 10.- L i g h t  curves for resolved prominent i r o n  l i n e s .  
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the ratio of the intensities of these lines in an a rc  spectrum to the integrated intensity of 
all iron lines in an a r c  spectrum in the wavelength range 3750 angstroms to 5600 ang­
stroms. This relation was used because of the similarity between the meteor spectrum 
and the iron a rc  spectrum shown in figure 11. The relative light-curve data indicate that 
the spectrally undispersed light curve probably had a steeper slope near the origin than 
the extrapolated light curve of figure 9. Hence, a value of T obtained from the extrap­
olated light curve represents a conservative value, that is, a lower limit of T for this 
experiment. No information on particle size, other than that the particles a r e  macro-
particles, is available. However, since the mean free path at 47 kilometers is approxi­
mately 60 microns, it is believed possible that most of the particles experienced the same 
flow conditions that they would have experienced if the event had occurred at a natural 
meteor height of 70 kilometers. However, because this meteor did not occur at a natural 
meteor height, because no optical velocity measurements were made, and because 87 per­
cent of the total light is based upon the extrapolated part  of the light curve, the value of 
T obtained from the extrapolated light curve should be used with caution, even as a 
lower limit. 
Blue Region of Spectrum Red Region of Spectrum 
Iron Arc 
Wavelength, Angstroms 
Figure 11.- Enlargements of iron-arc spectrogram and a r t i f i c i a l  meteor spectrogram. 
If all of the mass  is assumed to be consumed and the velocity is assumed constant 
fo r  the life of the meteor, equation (2) can be rewritten as: c1 In Atn = + -1 TIIIV2 (5)2 
or 
12 

The minus sign of equation (2) has disappeared because dm/dt is negative in equa­
tion (2) but both m and A t  are taken as positive quantities in the above expressions. 
The value of In is obtained from the light curve of figure 9 by using the equation 
log I = 9.90 - 0.4m (7) 
A value of T for  panchromatic film of 0.95 X 10-3 is obtained by using values of 
m = 1.5 grams, V = 10.4 kilometers per  second, and A t  intervals of 0.001 second. A 
reciprocity failure-corrected value of T for panchromatic film of 2.5 X is obtained 
f o r  a 2-gram stainless-steel simulated compact meteor from reference 4. The T 
obtained from this dust-ball meteor can be compared crudely with a value of T predicted 
by Opik's theory of reference 1. A value of T of 0.72 X for visual observation is 
obtained from reference 1. A color correction is necessary to convert T for panchro­
matic film to T for  visual observations. Using a color index of 2.8 magnitudes gives a 
value of 0.72 x 10-4 for a lower limit of 7 for visual observation for this experiment. 
This value of T is smaller by a factor of 10 than the value of T predicted by Opik's 
theory for an iron dust-ball meteor of this same mass  and velocity. A derivation of 
equation (7) and a comprehensive discussion of color indexes can be found in reference 3. 
An enlargement of the spectrum of the event is presented as figure 11. From the 
evaluation of this photograph, the densitometer tracing of the spectrum of figure 12, and 
the composition of the shaped-charge accelerator, it is believed that the meteor trail was 
primarily blue as a result  of the prominent iron lines at 4272, 4308, 4326, 4384, and 
4405 angstroms, and that the light in the red region of the spectrum is mostly from the 
detonation of the charge but does contain a contribution of iron oxide radiation from the 
meteor. Although only the 11 prominent iron lines could be spatially resolved, approxi­
mately 200 lines from more than 35 multiplets of iron have been identified in a wavelength 
reduction of the spectrum. A trace of the cast-iron liner impurity manganese w a s  
observed. The absence of the aluminum lines at 3944 and 3961 angstroms confirms that 
the meteor trail was produced by the iron dust-ball particles and not by the aluminum 
case of the shaped-charge accelerator. The absence of the sodium D lines, which a r e  
present in a large number of natural meteor spectra, is noted. 
13 
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Figure 12.- Densitometer tracing of meteor spectrum. Intensities are relative. 
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CONCLUSIONS 
The following conclusions were drawn from the optical measurement of a 1.5 gram, 
10-kilometer-per-second, artificial low-density iron meteor at an altitude of 
48 kilometers: 
1. The shaped-charge accelerator performed satisfactorily under flight conditions. 
The aluminum case did not contaminate the meteor. 
2. The optical instrumentation used is capable of recording the artificial meteors 
produced by this method at natural meteor altitudes (70 km). 
3. The value of panchromatic luminous efficiency for the low-density i.ron meteor, 
T = 0.95 x is heavily weighted by the extrapolated par t  of the light curve of the 
meteor and should be used with caution, even as a lower limit. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Station, Hampton, Va., February 4, 1966. 
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